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@ Plant transfonmation method using agrobacterium species. 



(g) Plant cells are transfonned by bombarding them with miaopartides in a typical partide gun and then 
treating the bombarded cells with bacteria of the genus Agrobacterium which have been transfonned to 
incorpwate the DNA sequence of interest into their T-DNA. High frequencies of stable Iransfonnation 
are achieved. 
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Tiie preseui inveniioii rdales iu irie use of Aqrobacterium spedes for the transformation of plants. 
Background Art 

Much research in plant molecular biology is now directed to the improvement of plant varieties via use of 
recombinant DNA techniques. Historically, plant breeders used classical genetic techniques to identify pre- 
seive and crossbreed varietal lines having desirable traits. More recently, new plant varieties were induced by 
chemicals or by radiation treatment to mutate plant cells which were then regenerated using tissue culture 
tecainiques. These random and unpredictable approaches have obvious drawbacks. By the use of recombinant 
DNA technology, specific genes producing specific proteins, such as those imparting insect resistance can be 
introduced into a plant to produce a desired variety with a particular trait 

Plants have been transfonned using a variety of methods. A common method for transfomration of 
dicotyledonous plants has been the use of disamied Aqrobacterium species, which are relatively benign natural 
pathogens of dicotyledonous plants. Agrobacteria infect plants and cause a callus of tumor tissue to grow in 
an undifferentiated way at the site of infection. The tumor inducing agent is the Ti plasmid. which functions by 
integratingsome of its DNA into the genome of host plant cells. This plasmid is an ideal vector for transformation 
of plants. The portion of the Ti plasmid DNA that is transfenred to host cell chromosomes during Agrobacterium 
infection is referred to as transfonning (T) DNA. See. for example. Watson JD. Tooze J. & Kurtz DT Recom- 
binantDNA■•AShortCo.„^.P ifiQ/WM c, looo) r.unz u i . Keconv 

Whne eariy studies with Aflrobacterium suggested that dicots were completely insensitive to this pathogen 
ttiose conclusions were based on lack of observable tumor fomiation in inoculated plants. More recently it has 
been found that tumor formation in dicots Is attributable to overproduction of auxins and cytokinins caused by 
the Ti plasmid, and therefore this symptom is not always a reliable indicator of transformation. More sensitive 
and more recent studies have shown production of opaline and nopaline. also attributed to the Ti plasmW in 
Aflrobactenum- inoculated monocots. and genetically engineered maiker genes, such as GUS and NPTII have 
been found in progeny of Agrobacterium-transfomied com plants. However, the successful and reliable use of 
this method still tends to be genotype specific both as to plants and Aqrobacterium. as well as culture medium 
specific. Even under good condittons, the frequency of transfomiation is relatively low in some spedes 

In addrtion. Agrobacteria nomially require a wound environment to induce the DNA transfer needed for 
(ransfonmation. For example, leaf punches and stem segments are commonly used because they present a 
cutand wounded surface to the bacteria that may contain cells capable of regenerating plants. There are Umes 
however when the intended target is an organized, multflayered tissue, such as a meristem. which is not readily 
accessible for Aflrobacterium infection and transfomiation and is not easily wounded without damaging its 
organization and function. Even where leaf punches and stem segments are used, these only present a limited 
region, such as the perimeter of a leaf punch disk, which has been wounded. It would be desirable to use the 
entire surface of the disk as a potential transformation site. 

Another method for transformation of plants has been bombardment of plant cells with dense miaopartides 
carrying genetic material sudi as DNA sequences or plasmids. This method is less genotype spedfic but fre- 
quences of stable transformation are also low with this method. This is due in part to an absence of natural 
mechanisms to mediate integration of the introduced genetic material into the plant genome. In contrast 
Agrobactenum species acUvely mediate those transformation events as a part of the natural process of infecting 
a p^ant cell. Thus, a continuing need exists for a method of transfomiation which reduces genotype spedfidty 
45 and enhances reliability, both in monocots and dicots. 

Brief Description of the Drawings 

Figures 1 through 4 are plasmid maps of the plasmids pPHI158. pPHI167. pPHI419 and pPHI413. respect- 

50 ively. 

Disclosure of the Invention 
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This invention provides an improved transformation method in which plant tissues are first perforated with 
microprojectiles which do not cany genetic material. It is now appredated that the high velodty impad of dense 
particles on plant tissues will generate a wide an^y of microwounds. creating an environment which is particu- 
lariy condudve to infection by Agrobacteria. In the next step, the tissues are (reated with an Agrobacterium 
species carrying the genetic material of interest. The Aq robacterium is able to transfer genetic material perma- 
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nentiy into the genome of target cells at frequencies substantially higher than by conventional Agfobacterium 
treatment WhBe excessive wounding of the target tissu is detrimental in conventional partide/ plasmid 
methods of transfomiatlon, such wounding is used to advantage in the present invention. Accordingly, the pre- 
sent invention provides a method for transfomf^tion of cells of a plant, comprising the steps of (a) preparing 

5 bacteria of an Agrobacterium species, which bacteria have been transfonned to include in their T-DNA the gene- 
tic material to be inserted into the genome of the plant cells; (b) perforating a tissue from the plant by microp- 
rojectie bombardment; and (c) treating the perforated tissue with the transformed Agrobacteria; whereby the 
Agrobacteria incorporate the T-DNA, including the inserted genetic material, into the genome of the cells. 
This method can be used to make permanently, heritably transfonmed plant cells which can be regenerated 

10 to whole, fertile plants. Of course, it wQI be appreciated that the foregoing method can also be used for transient 
transformations and assays in plant research. 

The transformed plant cells produced by the foregoing method are suitable for regeneration by known 
techniques to produce whole, fertOe plants which indude in their nudear genome the genetic material incor- 
porated by the action of the Agrobacteria. Accordingly, this invention also provides a method of pradudng 

15 whole, fertile, transfonmed plants, comprising the steps of (a) culturing tissues of the species and genotype to 
be transfonned; (b) preparing bacteria of an Agrobacterium spedes. which bacteria have been transfonmed to 
indude in their T-OISIA the genetic material to be inserted into the genome of the plant cells; (c) perforating the 
target tissue by microprojectae bombardment using microprojectiles which do not carry genetic material; (d) 
treating the perforated tissue with the transfonned Agrobacteria, whereby the Agrobacteria incorporate the T- 

20 DNA, induding the inserted genetic material into the genome of the cells to produce transfonmed cells; and (e) 
regenerating the transfonmed ceils to produce whde plants. 

In many instances it will be desirable to regenerate plants from cultures which consist entirely or essentially 
of transformed cells, so that plants which are not chimeric can be obtained. This can be accomplished by grow- 
ing the bombarded and Agrobacteriunv treated tissue prior to regeneration in a selection medium in which only 

25 transfonmed cells are viable. This can be done by including a selectable marker gene such as kanamydn or 
Basta resistance in the plasmid to be inserted in the cells, as illustrated in Figure 2. When the treated cells are 
grown in a medium containing the antibiotic or herbicide, the chemical will destroy non-transfonmed cells, and 
the surviving cultures will consist entirely of transfonmants, which can then be regenerated to produce plants 
which are not chimeric. 

30 While not intending to be limited by theory, normal micropartide bombardment schemes require that indi- 

vidual or very small groups of partides enter the target cells in such a manner and location that the cells remain 
competent for division. In contrast, it is believed that Agrobacterium transformation occurs when the bacteria 
bind to the surface of a target cell. It is only the bacterial T-DNA tfiat is "injected" into the cell, once the bacteria 
are induced by the wound environment to activate their virulence and transfer functions. Thus it will be 

35 appreciated that the objective of bombardment in the practice of this invention is to induce cell wounding and 
death to a certain extent, rather than to minimize wounding as is desirable with the conventional practice of 
bombarding with DNA-loaded partides. Once an area is damaged and releases the set of cell metabolites and 
wound exudates which Agrobacteria recognize, the ren^ining intact cells in the region of the wound are the 
transformation targets, rather tfian the cells which have been hit by partides. Accordingly, in the practice of 

40 ttiis invention the partides need not and preferably do not carry genetic or other biological material. 

Plants and Plant Cells 

This method can be employed with any desired agronomic or horticultural species, induding both monocots 
45 and dicots. As evidenced by the results achieved in sunflower, the higher transformation frequencies obtained 
with this invention can overcome in part the low frequendes of transformation associated with many difficult to 
tranfonm genotypes and spedes. Preferably, the monocot species will be selected from maize, sorghum, triti- 
cale. bariey. oats, rye. wheat, onion and rice, and the dicot species will be selected from soybean and other 
beans; alfalfa; tobacco, brasslcas such as rapeseed. broccoli and cauliflower; sunflower; cucurbits such as 
50 melons, cucumbers and squashes; and solanaceae such as potatoes, peppers and tomatoes. Tissues from 
flowers, induding orchid, rose, camation. petunia, zinnia, aster, lily, marigdd, impatiens. African and common 
violet and pansy, anthurium, gladiolus, hyacinth, geranium, lavender, peony, tulip, poppy, chrysanthemum, daf- 
fodil, and begonia varieties, as well as other ornamentals, induding without limitation taxus, juniper, rtiododen- 
dron. philodendron. ficus, ivy. pothos, lilac, cactus, dizygotheca, euphorbia, fatsia, hedera. coieus, and other 
55 varieties, and herbs such as parsley, sage, rosemary, thyme, basil, oregano, gariic, mint, fennel, marjoram, 
coriander, dill, and the like can also be subjected to the methods of this invention. 

Tissues used can come from any desired plant part, including roots, anthers, stems, cotyledons, hypocotyls 
and flowers. Preferred tissues indude meristem explants, whole leaf explants, partial leaf cuttings, leaf punch 

3 
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disks and immature mbryos. An especially prefenned tissue is a split meristem explant This latter tissue has 
been described in the literature by B. Schrammeijer et al.. "Meristem Transfonnation of Sunflow r via Aqrobac- 
lerium, " Piaiu Ceii RepOriS 9; 55-60 (1330). 

Agrobacterium Species 

Species of Agrobacterium which can be used in plant transfonnation include Agrobacterium tumefaciens 
and Agrobacterium rhgogenies. Preferred is an Agrobacterium tumefaciens strain of the nopaline, binary type 
Especially preferred is the publidy available Agrobacterium tumefaciens strain EHA101. This strain contains 
a C58 bacterial chromosome and a disanned derivative of the Ti plasmid referred to in the literature as TiB0542 
[See. e.g.. Hood EE. Helmer GL. Fraley RT & Chilton M-D. The Hypervirtjience of Agrobacterium tumefaciens 
A281 is Encoded in a Region of TiB0542 Outside of T-DNA." J. Bacterioiogy 168:1291-1301 (1986)]. 

Whae selection and transfonmation of Agrobacterium does not jo^ se fomi a critical part of this invention 
in a preferred embodiment strain EHA101 is transfonned with plasmids pPH1 1 68 and pPHII 67 as shown in Fig- 
ures 1 and 2. using freeze-thaw transfonnation. pPHI158 (Rgure 1) is constructed by the insertion of linearized 
EcoRI digested plasmid pPHI419 (Figure 3) canying the plant-expressible marker NPTII near the right border 
of the 1 1.6 kb binary pPHI6, pPHI6 also contains the RK2 origin of replication and an ampicillin resistance mar- 
ker. pPHh 67 is constructed in an identical manner except that the linearized EcoRI fragment of pPHI413 (Fig- 
ure 4) canying the GUS gene is inserted into pPHI6. This is refenred to in the literature as a binary vector system 
[See, e.g.. Hoekema A. Hirsch PR. Hooykaas PJJ & Schilperoort RA. "A Binary Plant Vector Strategy Based 
on Separation of Vir- and T-Regions of the A. tumefaciens Ti Plasmid." Nature 303: 1 79-1 80 (1 983).] 

The bacteria are preferably grown in YEP medium supplemented with 50 ^g/mL kanamycin and 100 ng/mL 
cartjenicfllin to an ODgoo of 0.5-1.0. For inoculation of plant tissues the bacteria are preferably transfen-ed to 
inoculation medium. Compositions of various media are as follows: 
25 AB 

3 g/L K2HPO4 
1 g/I NaHz PO4 
1 g/I NH4CI 
0.3 g/L MgS04 .7H2O 
30 0.15 g/L KCI 

0.01 g/LCaa2 
2.5 mg/l FeS04 .7H2O 
YEP 

10 g/L Yeast Extract 
35 1 0 g/L BactoPeptone 

5 g/L NaCI 
LB 

5 g/L yeast extract 
10 g/L Bactopeptone 
^ lOg/LNaa 
all above at pH 7.0 
Inoculation Buffer 

12.5 mM MES at pH 5.7 
1 g/L NH4a 
45 0.3 g/L MgS04 

Induction Buffer 

^-strength AB medium 
3% sucrose 
20 mM MES pH 5.5 
50 200 nM acetosyringone 

Example 1 

Sunflower transfonnation 



55 



A general method for transfonmation of sunflower meristem tissues is practiced as follows. 
Sheiled sunflower seeds are surface sterilized with dilute hypochlorite solution in the usual manner and 
imbibed overnight (18 hours) in the 6ark at26X on moist filter paper to initiate germination. The following morn- 
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ing, the cotyledons and the emerging root radical are remov d and the explant containing the meristem is cul- 
tured overnight on medium 374B-GA, which contains Murashige & Skoog minerals, Sh pard vitamins, 2% suc- 
rose, 0.8% agar (Phytagar) and the honmon s BAP (0.5 mg/L). lAA (0.25 mg/L) and GA (0.1 mg/L) at a pH of 
5.6. 24 hours later the primary leaves are removed, exposing the apical meristem. The meristems are arranged 

5 in a 2 cm cirde In the center of a petri plate containing a stiff water agar to hold the meristems upright for bom- 
bardment purposes. The meristems are ttombarded twice In a micropartide bombardment apparatus of the gen- 
eral construction described by Sanford et al. in their European Patent Application. Publication Number 331 ,885, 
daiming priority of U.S. Patent Application Serial No. 161,807. filed Febmary 29. 1988, the disdosures of which 
are hereby incorporated herein by reference. Nitric acid-washed tungsten partides having a mean diameter of 

10 1.8nm suspended in TE buffer are used, and the explants are positioned 10cm below the stopping plate. 

Following the bombardments a small droplet of log phase Agrobacteria (containing the desired modified 
Ti plasmid) in inoculation buffer at a concentration of OD=2.0 at 600nm is applied to each meristem. The cultures 
are incubated on 374B-GA for 3 days and then transfenred to 374 medium (374B-GA without hormones but 
containing 250 ng/mL cefotaxime to inhibit baderial growth). The meristem plants emerge in a few days and 

15 are allowed to develop for about 2 weeks at 26«C with a 16 hour day. At that point plants can be harvested to 
measure the level of transfonnation that has occurred. This can be done, for example, 1) based on the number 
of stained leaf sedors observed using GUS histochemical staining when the GUS gene is used (submerging 
the tissue overnight in x-gluc), or 2) by observing the green regtons under kanamydn selection when the plas- 
mid transferred by the Agrobacterium contains the NPTII gene or under Basta selection using the BAR gene 

20 

Example 2 
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Tobacco Leaf Transformation 

25 Tobacco leaves were treated in the same general manner as described in Example 1 . TTie culture medium 
comprised MS minerals and vitamins, 4% sucrose and 1.5% Geirite at a pH of 5.8. 10 to 14 days post germi- 
nation, the first true leaves were harvested and cultured adaxial side up for 24 hours on filter paper moistened 
with medium comprising MS minerals. B-5 vitamins. 4 mg/L pCPA, 3% sucrose and 0.15 M sorbitol at a pH of 
5.8. Tlie leaves were dipped for 10 minutes in an Aqrobaderium tun>efaciens EHA101/pPH!158 or EHA- 
101/pPHI167 suspensran after bombardment and then returned to the culture medium, and 3 days later were 
transfenred to 526 medium, comprising MS mineral elements. B-5 vitamins. 0.5 mg/L BAP, 2.0 mg/L NAA, 3% 
sucrose, and 0.8% Phytagar at a pH of 5.7, supplemented with 100 ng/MI kanamycin sulfate and 250 jig/mL 
cefotaxime. The NPTII gene was used as a selectable mariner and selection was done in a kanamydn-contain- 
ing medium. Addittonal treatment groups induded three levels of controls: Group II used bombardment followed 
by the same Agrobacteria as the test group containing same plasmid but without the NPTII gene (i.e.. no select- 
able maricer); Group III used the test Agrobacteria containing the test plasmid but without bombardment; and 
Group IV used standard partide/plasmid bombardment using the NPTII gene (i.e., no Agrobacteria) (Group IV). 
The combination of partide bombardment, Aqrobacterium cultivatwns and kanamycin seledwn pressure dkl 
not prevent leaves from forming callus and regenerating plants. Transfonnation was identified by counting col- 
40 onies surviving on the medium. Results were as follows: 

Treatment group # of Explants Avg # of Colonies 

^ 41 15,6 

45 II 68 0 

64 Only at cut point 

IV 66 0.77 



50 From these results there appears to be about a 20-fold increase in the frequency of transfonnation using 

the method of this invention, compared to standard partide/plasmid methods. 

Example III 



Sunflower meristems were transfonmed in the general manner of Example I. Meristem diameter increased 
from 50 urn to over 200 nm in 2 days in culture prior to bombardment Plants were easily recovered from meris- 
tems after treatment. Transfonnation was evaluated by counting plants with GUS-positive sectors and com- 
parisons were made using treatment groups divided as in groups I, III and IV of Example II. Results, expressed 



5 
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as the percentage of transformants identified among regen rated plants, wer as follows: 

Treatment group % transformants 
5 I 14.4 

III 0 
IV 0,1 

10 From these results there appears to be about a 1 40.fold Increase in the frequency of transfomiation using 

the method of this invention, compared to standard partideVplasmid methods. 

Example IV 

IS A more extensive experiment along the lines of Examples 1 and 2 were conducted using Xanthi (tobacco) 

leaves. Treatment groups were as follows: 
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» Two bombardments 

The selection medium included kanamydn, so that only cells transfomied to contain the NPTII gene 
(pPHII 58 or pPHI41 9)) were expected to survive. Cells transfomied with pPH1 1 67 (GUS gene) could have been 
identified by blue staining, but would not yield viable colonies in this experiment Results were as follows: 



Group 
I 
2 
3 
4 
5 
6 
7 
8 



# Explants 
31 
40 
34 
55 
64 
48 
37 
51 



Mean # Colonies 
0 
0 
0 
0 



Colonies/Leaf 
0 
0 
0 
0 



colony development at excision point only 
0,15+0.08 0.36 
2.5±0.45 4.0 
14.35+1.9 36,5 



The first five groups were controls: Group 1 to evaluate the effect of bombardment only on colony develop- 
ment Group 2 to evaluate the effect of wounding using a scalpel cut to split the leaf; Group 3 to evaluate particle 
wounding as in Group 1 but with functional bacteria that contained GUS only (no selectable marker) to establish 
a baseline; and Group 4 to evaluate whether the Agrobacteria were needed if micropartide wounding is used. 
None of these treatments were expected to produce viable colonies on selection medium, and all of these 
developed 0 colonies on selection medium. Group 5 was a control to confirm the need for tissue wounding, 
and colonies developed only at the exdsion point as expected. 



6 
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Group 6 was a positive control using nomial particle gun methods, and Group 7 was a positive control using 
wounding by a simple scalp I cut to split the leaf. Group 8 used th method of this inv ntion. The method of 
this inv ntion showed approximately a lOO-fold improvement in frequency of transfonnation compar d to a con- 
V ntional micropartide txMnbardment method and a 9-fold improvement in comparison to a conventional 
Agrobacterium transformation method which used a split leaf specimen. 

Example V 

The methods of this invention were compared to the method in which tissues are l)ombarded with micro- 
particles to which transformed Agrobacteria have been applied, as described in my copending application Serial 
No. , filed November 14, 1990. Results were as follows: 
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From this it was concluded that although bombarding tissues with Agrobacteria dried onto particles is an 
effective method of transformation using Agrobacteria, it is not as effective as bombarding firet and then apply- 
ing Agrobacteria as a droplet of suspension to the wound site. 



Claims 

1. A method for transfonnation of cells of a plant by insertion of genetic material into the genome of the cells, 
comprising the steps of 

(a) preparing bacteria of an Agrobacterium species, which bacteria have been transformed to include 
in their T-DNA the genetic material to be inserted into the genome of the cells; 

(b) perforating a tissue from the plant by micraprojectile bombardment; and 

(c) treating the perforated tissue with the transfonmed Agrobacteria; 

whereby the Agrobacteria incorporate the T-DNA including the inserted genetic material into the genome 
of the cells. 

2. A method according to Claim 1 wherein the tissue is a meristem explant. 

3. A method according to Claim 1 wherein the tissue is a member selected from the group consisting of whole 
leaf explants, partial leaf cuttings, and leaf punch disks. 

4. A method according to Claim 1 wherein the tissue is immature embryos. 
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5- A method according to any on ofth preceding daims wherein the plant is a monocot sel cted from th 
group consisting of maiz , sorghum, triticale. barley, oats, rye, wheat, onions and rice. 

6, A method according to any one f daims 1 to 4 wherein the plant is a dicot selected from the group con- 
5 sisting of soybean, alfalfa, tobacco, brassicas, sunflower, cucurbits, potatoes, peppers and tomatoes. 

7, A method of produdng whole, fertile, plants, the cells of which have been transfomied by insertion of gene- 
tic material into their genome, comprising the steps of 

(a) preparing bacteria of an Agrobacterium species, which bacteria have been transformed to insert in 
10 their T-DNA the genetic material to be inserted into the genome of the plant cells; 

(b) perforating by microprojectile bombardment a tissue from a plant of the spedes and genotype to be 
transformed; 

(c) treating the perforated tissue with the transfonmed Agrobacteria. whereby the Agrobacteria incor- 
porate genetic material comprising the inserted genetic material into the genome of the cells to produce 

15 transformed cells; and 

(e) regenerating the transfonmed cells to produce whole plants. 

8, A method according to any one of daims 1 to 7, further comprising the step of growing the bombarded. 
Agrobacterium-treated tissue In a selection medium in which only transformed cells are viable, prior to 

20 regeneration. 

9, A method according to claim 7 wherein the tissue is as defined in any one of daims 2 to 4, 

10, A method according to claim 7 wherein the plant is as defined in daim 5 or 6. 
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Figure 2 
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Figure 3 
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Figure 4 
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